Many dark matter models generically predict invisible and displaced signatures at Belle II, but even striking events may be missed by the currently implemented search programme because of inefficient trigger algorithms. Of particular interest are final states with a single photon accompanied by missing energy and a displaced pair of electrons, muons, or hadrons. We argue that a displaced vertex trigger will be essential to achieve optimal sensitivity at Belle II. To illustrate this point, we study a simple but well-motivated model of thermal inelastic dark matter in which this signature naturally occurs and show that otherwise inaccessible regions of parameter space can be tested with such a search. We also evaluate the sensitivity of single-photon searches at BaBar and Belle II to this model and provide detailed calculations of the relic density target.
Introduction
While there is strong evidence for the existence of dark matter (DM) over a very large range of astrophysical scales, no clear sign of its particle physics nature has been established to date. If DM has non-negligible couplings to Standard Model (SM) states it could potentially be produced at particle colliders or be observed in direct and indirect detection experiments. For DM masses above a few GeV, direct detection experiments in particular have put very severe bounds on the DM scattering cross section [1, 2] , while smaller DM masses are less constrained because of the finite threshold energy required by these experiments. Correspondingly a lot of attention is currently focused on rather light DM and associated dark sector states with masses in the MeV to GeV range [3] [4] [5] [6] [7] . For such light dark sectors the couplings to SM states are constrained to be rather small and high-energy machines such as the LHC are not necessarily the most promising tools to explore such scenarios. In fact low-energy but high-intensity facilities such as B -factories have unique advantages.
In this work we explore the sensitivity of the Belle II detector to light dark sectors with a particular focus on signatures that may be missed with the current experimental configuration. While the primary purpose of Belle II is to study the properties of Bmesons [8, 9] , its hermetic detector and optimized triggers also allow for searches for various DM models. The simplest signature of direct DM production at Belle II is an excess of events with a single high-energy photon and a large amount of missing energy, which is well established and integrated into the current search program [10] . Our main focus will be on another key signature which generically appears in a number of models, consisting of a single photon accompanied by missing energy and a displaced pair of electrons, muons, or hadrons.
Such a signature arises for example if DM interactions involve an inelastic transition between two states χ 1 and χ 2 with small mass splitting. This interesting scenario allows for light DM production via thermal freeze out consistent with constraints from the Cosmic Microwave Background (CMB) and direct detection experiments. In this work we will consider a simple inelastic DM model in order to study the signature in detail, noting that the same final state could e.g. also arise in scenarios with strongly coupled DM [11] . As the signature we consider is vetoed in the mono-photon analysis because of the presence of additional final state particles, it requires a new search strategy that has not been performed at a collider yet. Indeed, we find that it is crucial to develop new trigger algorithms, in particular a new displaced vertex trigger, in order to fully exploit the potential of Belle II to uncover the nature of DM.
The paper is organized as follows. Section 2 provides an overview of the inelastic DM model and the calculation of relic targets. Section 3 describes the recast of the BaBar and Belle II mono-photon searches [10, 12] , and describes the calculation of the sensitivity to the new displaced signature. Finally, in section 4, we compare the Belle II sensitivities with other existing constraints from beam dumps and expected sensitivities from long-lived particles searches at CERN.
Inelastic dark matter

Light thermal dark matter
A particularly appealing scenario for the production of DM is thermal freeze out, which is insensitive to the initial conditions of the early universe and therefore very predictive. This mechanism requires significant couplings to SM states to allow both for an initial thermalisation of the dark sector as well as sufficiently effective annihilations to be consistent with the observed relic abundance Ωh 2 = 0.12 [13] . While DM particles with mass below a few GeV are less constrained by direct searches as discussed above, there are strong constraints on late-time annihilations from observations of the CMB anisotropies, basically ruling out the case of elastic scattering if the annihilations proceed via s-wave [13] . 1 An interesting and simple idea to reconcile the light DM case with these constraints is to assume a small mass splitting between two DM states χ 1 and χ 2 which are coupled 1 In fact thermal DM is also strongly constrained by the requirement of successful primordial nucleosynthesis, excluding mχ 10 MeV with a slight dependence on the quantum numbers of DM, see e.g. [14] for a recent evaluation of the corresponding bounds.
off-diagonally to a new mediator. The dominant annihilation channel will then be coannihilations, χ 1 χ 2 → SM. If the heavier state χ 2 is unstable with a sufficiently short lifetime, no χ 2 particles will be available during recombination, such that the main annihilation channel is no longer active and CMB bounds are evaded. In addition bounds from direct detection experiments are further diminished or even absent, as inelastic scatterings are suppressed kinematically and elastic scatterings have a loop-suppressed cross section. The only way to conclusively test this scenario is therefore via accelerator experiments. Given that this set-up is a well-motivated scenario for light thermal DM, it has previously been discussed in the literature both for particle colliders [15, 16] as well as fixed-target experiments [3] .
A simple model
Let us consider a dark sector fermion ψ = ψ L +ψ R charged under a dark gauge group U (1) X but singlet under the SM gauge group. In addition we assume the presence of a dark sector scalar φ with trilinear couplings to dark fermion bilinears (i.e. φ is charged under the U (1) X gauge symmetry), which will generate a Majorana mass term after spontaneously breaking U (1) X . Note that a Dirac mass m D is gauge-invariant and hence independent of spontaneous symmetry breaking. The Lagrangian is then given by
where V (φ) is the scalar potential for φ. We assume that this potential leads to a vacuum expectation value of φ which will then generally provide a Majorana mass for the left-and right-handed part of ψ. 2 This results in the following mass matrix,
which can be diagonalized with the mixing matrix
We denote the corresponding (Majorana) mass eigenstates by χ 1 and χ 2 , and the relation to the left-and right-handed components of ψ is given by
Rewriting the Lagrangian for ψ in terms of χ 1 and χ 2 with masses m χ 1 and m χ 2 under the assumption that m L = m R (which means λ 1 = λ 2 in Eq. (2.1) above), we obtain a purely off-diagonal coupling of the DM states to the U (1) X gauge bosonX: 3
Here, g X is the gauge coupling of U (1) X , and we have assumed that ψ has a U (1) X charge of unity.
Couplings to the Standard Model
In order to fully define the set-up we have to specify the couplings to SM states. Potential renormalisable inter-sector couplings which are allowed by the gauge symmetry correspond to kinetic mixing of the new gauge bosonX with the SM hypercharge gauge boson Y , or to a mixing of the dark sector scalar φ with the SM Higgs boson H. In general both couplings are expected to be present, resulting in a 'two mediator' model with a rather complex phenomenology as discussed e.g. in Refs. [17, 18] . For the present discussion we will assume that the dominant interaction is generated by kinetic mixing and neglect a potential scalar mixing. 4 The most general renormalisable Lagrangian for the SM with a new U (1) X gauge boson X with mass mX is given by
where the SM Lagrangian contains
We denote the gauge fields (and the corresponding masses) in the original basis before diagonalisation by hats, such thatB µν ,Ŵ µν , andX µν are the field strength tensors of U (1) Y , SU (2) L , and U (1) X , respectively. We choose to normalize the kinetic mixing parameter by the (physical) value of the cosine of the Weinberg angle c W such that the coupling to electromagnetism is given by 2X µνF em µν to match the usual notation of the kinetic mixing term in the dark photon literature. We assume that there is no mass mixing betweenX andẐ, which could arise if either the SM Higgs is charged under U (1) X or the new scalar field is charged under both the SM gauge group and U (1) X .
The field strengths are diagonalized and canonically normalized by two consecutive transformations, to connect the original (hatted) fields to the physical photon A µ , the physical Z-boson Z µ , and the new physical gauge boson A µ with mass m A ('dark photon'), as discussed in detail in Refs. [19, 20] .
The free parameters of the model are then m A , m χ 1 , ∆ = m χ 2 − m χ 1 , , and α D = g 2 X /4π. Here we will concentrate on the case m A > m χ 1 + m χ 2 such that the decay A → χ 1 χ 2 is kinematically allowed and hence the dominant decay channel. 5 
Relic density and thermal targets
To put constraints on light DM into context, it is useful to identify a thermal target, i.e. a region in parameter space in which the measured DM relic abundance is reproduced by thermal freeze out. The requirement m A > m χ 1 + m χ 2 ensures that the annihilation 4 In fact, for the mass range we are going to consider, the scalar portal will not be able to accommodate the measured relic abundance while being compatible with experimental constraints due to the Yukawa suppression of couplings to light SM fermions. 5 For m A < mχ 1 + mχ 2 the dark photon has to decay to SM states, a scenario which is covered by a large number of searches.
channel χ 1 χ 1 → A A is closed, which is crucial for the scenario to be viable. The reason is that these annihilations, which would proceed via a t-channel exchange of χ 2 , would still be active during recombination and the subsequent A decays into SM particles would lead to unacceptably large energy injection. 6 For the assumed mass hierarchy the DM freeze out is instead dominated by the coannihilation channel χ 1 χ 2 → A * → SM, which is no longer active during recombination as the χ 2 abundance is negligible. To leading order in the relative velocity v the corresponding s-wave co-annihilation cross section can be written as [15] σv(
Here, α is the fine-structure constant and Γ A is the width of the dark photon. Crucially the relic abundance is set by the product of dark and visible couplings, 2 α D , for this annihilation channel (rather than by the dark coupling alone), such that thermal freeze out can be constrained by searches sensitive to the visible coupling . Specifically, requiring the dark coupling to remain perturbative while constraining the visible coupling from above with particle physics experiments will allow to test the thermal freeze out conclusively. The annihilation cross section required to reproduce the observed DM relic abundance (and therefore the associated couplings) must in general be larger than in the elastic case in order to compensate the additional Boltzmann suppression of the coannihilation partner χ 2 . For large mass splittings ∆ the required couplings are typically in conflict with existing experimental limits from LEP (see below) and we therefore limit ourselves to ∆ < 0.5 m χ 1 . On the other hand, for mass splittings smaller than twice the electron mass, ∆ 1 MeV, the lifetime of the heavier state χ 2 becomes so long that it violates cosmological bounds. Furthermore the thermal freeze out paradigm is in conflict with Big Bang Nucleosynthesis for DM masses below m χ 1 10 MeV [14, 22] , so that we concentrate on m χ 1 ≥ 10 MeV.
To calculate the relic abundance in this model, we employ micrOMEGAs v5.0.6 [23] , using a CalcHEP model file [24] implemented via FeynRules v2.3.32 [25] . To take into account the effects from hadronic resonances mixing with the photon, we follow the usual approach, see e.g. [26, 27] , and calculate the annihilation cross section for χ 1 χ 2 → µ + µ − analytically and rescale it with the measured value of R(s) ≡ σ(e + e − → hadrons)/σ(e + e − → µ + µ − ) [28, 29] to obtain the cross section for χ 1 χ 2 → hadrons. While the broader hadronic resonances are resolved in the R(s) data, narrower ones like J/ψ are not visible. As these resonances may have a sizeable impact on the calculated thermal target, we perform the needed thermal average analytically and correct the numerical result accordingly.
For m A m χ 1 , m χ 2 ∆ (and neglecting the width of the dark photon) the relic density only depends on the commonly used dimensionless variable y, defined via
(2.10)
The virtue of this parameterisation is that if one calculates the relic target in terms of y as a function of m χ 1 , the result applies irrespective of the relative sizes of α D , , m χ 1 /m A . We show the required value of y to obtain the measured relic density for various choices of the other parameters in figure 1. 7 We use m χ 1 and ∆ = m χ 2 − m χ 1 to parametrize the DM masses throughout this paper. The model-independent LEP bound [30] on the kinetic mixing is used to constrain the allowed values of y from above. Note that, since this bound has a constant value of ≈ 3 × 10 −2 away from the Z resonance, it results in a bound on y that depends on the mass ratio m A /m χ 1 , hence each of the shaded grey region corresponds to one of the thermal target curves with the same mass ratio in each panel.
We observe that the assumption that the relic density depends only on y is strictly only true for m A (m χ 1 + m χ 2 ), as one can see that the curves for m A = 7 m χ 1 and m A = 10 m χ 1 coincide in all panels, independent of the value of ∆. For the value m A = 3 m χ 1 typically used in the literature, there is up to an order of magnitude difference between the value of y obtained for m A = 3 m χ 1 and the value of y obtained for a sufficiently large value of the mass ratio (such that y is independent of the mass ratio once again). The DM annihilation is resonantly enhanced only for m χ 1 + m χ 2 = 2 m χ 1 + ∆ and for m A ≈ 2 m χ 1 + ∆. Note the larger spread between the curves for larger values of the mediator mass ratio (across different panels of figure 1 ). This is due to the fact that the resonance condition is satisfied earlier when reducing the mediator mass ratio for larger values of ∆.
Various calculations of the thermal target for inelastic DM can be found in the literature [3, 15, 16, 26, 27, 31, 32] , either using the standard semi-analytical approach [33] [34] [35] , or relying on numerical tools such as micrOMEGAs [23] . We find differences to some of the results and also note that the various calculations do not completely agree. Most importantly, the hadronic resonances have a much less dramatic effect on the thermal target curve than is suggested in some of the literature. In addition, there appears to be some offset in overall normalisation between the different results. Our results reproduce the thermal target given in Ref. [16] .
Established limits and future prospects
Before studying in detail the sensitivity of the Belle II experiment to inelastic DM, let us briefly discuss existing constraints on the parameter space. As mentioned above, electroweak precision observables constrain the kinetic mixing parameter irrespective of any couplings of the A to dark sector states to be smaller than 3 × 10 −2 for dark photon masses below the Z mass [30] . In addition there are a variety of experimental probes which are sensitive to more specific signatures of the model that we consider, ranging from electron and proton beam dumps over low-energy colliders to direct detection experiments.
Beam dumps are potentially sensitive to DM production with subsequent scattering in a far detector, or decay of the heavier state χ 2 → χ 1 e + e − (when kinematically allowed). Relevant bounds then come from various experiments, for example LSND [36] , E137 [37, 38] , MiniBoonNE [39] and most recently NA64 [40] . These experiments are most sensitive to small dark photon masses, m A 1 GeV, and are therefore complementary to the searches that we will discuss below. For the case of χ 2 decays the reinterpretation of published bounds for different model parameters requires Monte Carlo simulations of the χ 2 production and decays, which are beyond the scope of the present work. We will therefore only show the constraints for the scattering of either χ 1 or χ 2 [38, 39] , which are more model-independent.
As we will discuss in more detail below, B -factories such as BaBar or Belle II typically need an associated photon to be able to trigger on the production of a dark photon, e + e − → γA , A → χ 1 χ 2 . If the χ 2 state is sufficiently long-lived such that the decays of unstable χ 2 happen outside of the detector, searches for a single photon in association with missing energy (so-called mono-photon searches) give relevant constraints on A production. The reinterpretation of the BaBar mono-photon limit [12] requires the evaluation of acceptances specific to that experiment, so we postpone the discussion of this limit to the next section.
In addition there are a large number of proposed future experiments which have projected sensitivities surpassing the current limits, see e.g. figure 7 of Ref. [16] for a comprehensive compendium, including possible add-ons to the LHC such as FASER [41] , MATHUSLA [42] , and CODEX-b [43] or future beam dumps such as LDMX [44] and SeaQuest [38] . We will consider these projections more closely in section 4.
Direct detection
At tree-level, scattering of DM particles from the Galactic halo off a nucleon N in direct detection experiments can only proceed via the inelastic process χ 1 + N → χ 2 + N . For ∆ 10 −6 m χ 1 the kinetic energy in the initial state is insufficient to overcome the mass splitting between χ 1 and χ 2 , such that inelastic scattering is forbidden. Nevertheless the elastic scattering process χ 1 + N → χ 1 + N arises at the one-loop level from diagrams with two dark photon exchanges. These diagrams have recently been calculated in Ref. [45] and we will briefly summarize the result here.
The box diagrams give a contribution to the Wilson coefficient C q of the effective operator
whereand m q denote the electric charge and mass of the quarks. One finds 8 
In terms of this coefficient, the spin-independent DM-nucleon scattering cross section is simply given as
where µ is the reduced mass.
Since the loop-induced direct detection cross section is proportional to α 2 D 4 , probing 1 is extremely challenging. Furthermore, the sensitivity of direct detection experiments is substantially suppressed for DM masses below a few GeV. 9 As a result, we find that even future direct detection experiments like SuperCDMS [48] are not competitive with e + e − colliders. According to the official sensitivity projection of SuperCDMS, this experiment would be sensitive to α D 2 ∼ 10 −3 for m χ ∼ 1 GeV. Hence, for α D ≤ 0.5 SuperCDMS will not be able to improve upon the LEP bound < 3 × 10 −2 . Hence we conclude that direct detection bounds are essentially irrelevant to our model, and therefore do not display them in our figures.
Light inelastic dark matter at Belle II
Broadly speaking, the inelastic DM model can produce two types of signatures in Belle II, which both arise from the process shown in figure 2. If the χ 2 produced via e + e − → γA (→ χ 1 χ 2 ) decays outside the detector, the final state is indistinguishable from the process e + e − → γA , A → invisible usually searched for at e + e − colliders. The same 9 At first sight, DM-electron scattering offers a promising way to search for inelastic DM with sub-GeV masses. However, the loop-induced DM-electron scattering cross section is suppressed relative to the one for DM-proton scattering by a factor m 4 e /(m 2 N m 2 χ 1 ), which renders DM-electron scattering irrelevant. signature arises if the χ 2 decay vertex is inside the detector but the decay products have too low energy to be detected. If on the other hand the χ 2 decay products are detected and the decay vertex can be reconstructed, one obtains a displaced signature. In this section we will first review the relevant aspects of the Belle II experiment, present our implementation of the inelastic DM model and then discuss the sensitivity of Belle II for both of these signatures.
The Belle II experiment
The Belle II experiment at the SuperKEKB accelerator is a second generation B -factory and successor of the Belle and BaBar experiments [9] . Construction was completed in early 2019. SuperKEKB is a circular asymmetric e + e − collider with a nominal collision energy of √ s = 10.58 GeV. The design instantaneous luminosity is 8 × 10 35 cm −2 s −1 , which is about 40 times higher than at the predecessor collider KEKB. The Belle II detector is a large-solid-angle magnetic spectrometer. The following subdetectors are particularly relevant for the searches described in this paper: a tracking system that consists of six layers of vertex detectors (VXD), including two inner layers of silicon pixel detectors (PXD) 10 and four outer layers of silicon vertex detectors (SVD), and a 56-layer central drift chamber (CDC) which covers a polar angle region of (17−150) • . The electromagnetic calorimeter (ECL) comprising CsI(Tl) crystals with an upgraded waveform sampling readout for beam background suppression covers a polar angle region of (12−155) • and is located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. The ECL has inefficient gaps between the endcaps and the barrel for polar angles between (31.3−32.2) • and (128.7−130.7)
• . An iron flux-return is located outside of the magnet coil and is instrumented with resistive plate chambers and plastic scintillators to mainly detect K 0 L mesons, neutrons, and muons (KLM) that covers a polar angle region of (25 − 145) • .
We study the Belle II sensitivity for a dataset corresponding to an integrated luminosity of 20 fb −1 for consistency with [10] . This dataset is expected to be recorded by Belle II in early 2020. To show the potential reach of Belle II we also estimate the sensitivities for both the mono-photon signature and the displaced signature for the final dataset of 50 ab −1 . For the displaced signature we optimistically assume that the search remains background free even for very large luminosities. For the mono-photon signature we scale the expected sensitivity S( ) to the planned full integrated luminosity of 50 ab −1 using S( ) ∝ 4 √ L. This scaling is valid under the following assumptions:
• The expected increase of beam induced background noise at highest luminosity and the resulting decrease in ECL energy resolution is negligible,
• the expected increase in the number of background induced photons is not relevant for these searches as we assume that they can be rejected by timing and cluster-shape selections,
• the triggers can be kept loose enough to achieve ≈ 100 % trigger efficiency, 10 During the first years of Belle II only the first layer and a fraction of the second PXD layer are instrumented. We assume that this has a negligible effect for the searches described in this paper.
• the searches are dominated by statistical uncertainties.
Event generation
We implemented the model into FeynRules v2.3.32 [25] to generate a UFO model file [49] .
To produce signal events we generate events for e + e − → χ 1 χ 2 γ with MadGraph5 aMC@NLO v2.6.6 [50] and subsequently perform the decays χ 2 → χ 1 e + e − and χ 2 → χ 1 µ + µ − in MadSpin [51] . We use MadGraph5 aMC@NLO v2.6.6 [50] to calculate the total width (and hence the decay length) of χ 2 . We do not calculate decays to hadronic final states 11 since hadrons will be treated as muons in all our analyses. Instead we rescale the partial decay width into muons by including the measured R(s) values [29] .
Since we always require m A > m χ 1 + m χ 2 , the A can never be on-shell in the χ 2 decay and only three-body decays are allowed. Nevertheless the branching fractions are largely determined by the A branching ratios [52] . Note that the χ 2 branching ratios are independent of α D and . For m χ 2 − m χ 1 < 2m e the only kinematically allowed decays are χ 2 → χ 1 νν and χ 2 → χ 1 γγγ, which are highly suppressed. We conservatively assume that there is no significant contribution from charged hadronic two particle final states above ∆ = 1.2 GeV. This is a good approximation since the dark photon branching ratio to π + π − or K + K − final states is subdominant above centre-of-mass energy/virtual dark photon mass of 1.2 GeV [53] .
We generate the events in the centre-of-mass frame with √ s = 10.58 GeV, then boost and rotate them to the Belle II laboratory frame. The Belle II beam parameters are E(e + ) = 4.002 GeV and E(e − ) = 7.004 GeV with a 41.5 mrad crossing angle between the beams and the z-axis. In the laboratory frame the z-axis is along the bisector of the angle between the direction of the electron beam and the reverse direction of the positron beam. All cuts below refer to parameters in the lab frame unless noted otherwise. A collection of interesting observables are shown in figure 3 . All plots are at the generator level, with no detector smearing applied. For signal generation we apply a cut of E CMS (γ) > 0.1 GeV and a maximal rapidity of the photon η max = 2.028698 in the centreof-mass frame.
We point out a number of relevant features:
• The invariant mass of the di-lepton pair must satisfy the requirement m + − ≤ ∆ and typically peaks at around half of this value.
• The opening angle of the di-lepton pair in the laboratory frame depends sensitively on the boost (and hence the mass) of χ 2 , i.e. lighter χ 2 will have higher boost and hence lead to smaller opening angles of the di-lepton pair.
• The maximum lepton energy is a combination of the two previous effects, i.e. it increases both with the mass splitting and with the boost of the χ 2 .
• The photon in the centre-of-mass frame is essentially mono-energetic (with some broadening due to the finite width of the dark photon). 
Mono-photon signature
To rescale the expected Belle II mono-photon sensitivity for a 20 fb −1 data set [10] , we calculate the acceptances on our signal sample as follows. We assume that events satisfy the mono-photon selection criteria if E CMS (γ) > 2.0 GeV, and apply a polar angle selection that depends on the photon energy and the dark photon mass m A [10] . For m A < 6.0 GeV we select events if θ low min < θ(γ) < θ low max with Table 1 : Vetoes on electrons, muons, and hadrons used for the Belle II mono-photon analysis rescaling. The variables θ lab , z, and R xy refer to the χ 2 decay vertex in the laboratory frame. θ lab is the polar angle between the decay vertex and positive z direction, and R xy is the distance between the z axis and the decay vertex in the plane perpendicular to the z axis. We consider electrons, muons, and hadrons as possible decay products of the χ 2 and reject the event if the χ 2 decay satisfies at least one of the veto criteria outlined in Table 1 .
For the veto criteria that we impose on the χ 2 decay vertex we distinguish between the calorimeter/drift chamber and the muon system. The muon system criteria include a small region of phase space where the χ 2 decays between the calorimeter and muon system in the forward or backward directions. In practice a decay into electrons would not be detected in this region, but this effect is negligible for the sensitivity estimation.
We then calculate the expected sensitivity in terms of the kinetic mixing in the inelastic DM model (see section 2.2), iDM exp , based on the expected mono-photon sensitivity from Ref. Along the same lines we can perform a reinterpretation of the BaBar mono-photon analysis [12] for the inelastic DM model, in order to compare the sensitivity of Belle II with existing constraints. This analysis, however, does not use cuts on simple quantities but a multivariate analysis, so a straight-forward reinterpretation is no possible. To model the analysis as closely as possible, we use the same procedure as described above, 12 but we use the vetoes described in Table 2 to specify whether an event will be rejected by the analysis and to calculate the mono-photon acceptance. The photon selection criteria we use are E CMS (γ) > 2.0 GeV and 32.5 • < θ(γ) < 99 • .
As for the Belle II case, the muon system criteria includes a small region of phase space where the χ 2 decays between the calorimeter and muon system in the forward directions. Table 2 : Vetoes on electrons, muons, and hadrons used for the BaBar mono-photon analysis. The variables θ lab , z, and R xy refer to the χ 2 decay vertex in the laboratory frame, same definitions as in Table 1 . In practice, a decay to electrons would not be detected in this region, but this effect is negligible for the sensitivity estimation. As we will see below, even with an integrated luminosity of L int = 20 fb −1 Belle II can improve substantially on the existing constraint from BaBar (integrated luminosity L int = 53 fb −1 ) at lower masses m χ 1 because of a more hermetic calorimeter in Belle II.
Displaced signature
Let us now take a closer look at the characteristic signature of inelastic DM: a displaced lepton or hadron pair (pions and kaons) in association with a single photon. An illustrative example of what this signature may look like in the Belle II detector is shown in figure 4 . In the following we will take a closer look at this signature, identify possible backgrounds and event selection criteria, and discuss the challenge of triggers.
Backgrounds
SM processes can produce a (displaced) lepton or meson pair, a hard photon, and missing energy only if particles are out of the detector acceptance or if secondary processes contribute. We consider the following backgrounds, where non-reconstructed particles are given in parentheses:
1. Direct radiative lepton and meson pair production with two additional initial or final state radiation photons (e + e − → e + e − γ(γ), e + e − → µ + µ − γ(γ), e + e − → π + π − γ(γ)), where one of the photons is out of the detector acceptance, 2. photon conversion γ → e + e − from direct radiative electron pair production (e + e − → (e + e − )γγ) where both primary electrons are out of detector acceptance, or from radiative photon pair production (e + e − → γγ(γ)) where one photon is out of acceptance,
3. meson decays, e.g. e + e − → φγ, φ → K 0 Since the cross section of radiative Bhabha scattering is orders of magnitude larger than muon-or pion-pair production, we assume that e + e − → e + e − γ and e + e − → γγγ are the dominant backgrounds.
Event selection
The strongest background rejection can be achieved by requiring a displaced vertex. We assume that the Belle II detector can be split into five different regions in the azimuthal xy-plane for the lepton pair vertex location, where R xy is the distance between the z axis and the decay vertex in the plane perpendicular to the z axis.
1. 0 cm ≤ R xy ≤ 0.2 cm: The vertex location is very close to the nominal interaction point. We expect prohibitively large prompt SM backgrounds.
2. 0.2 cm < R xy ≤ 0.9 cm: The vertex location is inside the beam pipe, but outside of the interaction region. We expect excellent vertex reconstruction efficiency and negligible SM backgrounds.
4. 17 cm < R xy ≤ 60 cm: The vertex location is outside the VXD but inside the CDC. We expect that loose selections on the invariant mass of the lepton pair, or opening angle requirements of the two leptons, can reduce the background from photon conversion to a negligible level.
5. 60 cm < R xy : The vertex location is inside the CDC but the tracking efficiency is too low, or the vertex location is outside of any tracking detector acceptance.
In the following we assume that direct background can be completely rejected by removing events from region 1). Conversion background can be reduced significantly by avoiding regions with high material density and requiring good vertex reconstruction efficiency, which we achieve by restricting the analysis to regions 2) and 4). To further reduce photon conversion backgrounds we require the invariant lepton pair mass m ≥ 0.03 GeV, and an opening angle of at least 0.1 rad between the leptons. We conservatively assume the efficiencies given in Table 3 . A more realistic analysis using the full Belle II reconstruction information and a detailed material model, may allow to extend the analysis to include region 3) also for electron/positron final states in the future.
We veto the invariant mass region around the K 0 S mass to reject meson decay backgrounds for the muon and hadron final state. We assume that the meson decay background from two misidentified pions is negligible and do not include this background for the electron final state. We furthermore require a hard photon with E lab (γ) > 0.5 GeV in the CDC acceptance of the detector. 13 All selections used in the analysis are summarized in Table 4 . Note that for all detector regions we require minimal (transverse) momenta of all charged particles to ensure maximal tracking efficiency. We do not use missing energy information in this work but note that this could be used by a future analysis to further reduce backgrounds from SM processes.
A final selection requirement concerns the energy of the visible photon in the centreof-mass frame. If the assumed dark photon mass m A is smaller than about 10 GeV, the dominant contribution stems from events where the dark photon is produced on-shell. To select these events and suppress background we require the energy of the visible photon in the centre-of-mass frame to lie within ±10% of the value dictated by energy conservation: E 0 = (s − m 2 A )/(2 √ s). For larger dark photon masses, on the other hand, off-shell production becomes increasingly important and the photon energy will not exhibit a peak but instead rise steadily towards the low-energy threshold on E lab (γ) imposed above. This continuous photon spectrum makes both background rejection and the identification of a positive signal more difficult. Nevertheless, we can make a simple estimate of the sensitivity of Belle II in the off-shell region by applying exactly the same selection requirement as for m A = 10 GeV (i.e. 0.507 GeV < E CMS (γ) < 0.620 GeV), for which backgrounds can be assumed to be negligible. It is conceivable that a weaker requirement on E CMS (γ) would be sufficient to remove background while increasing the signal acceptance, but a detailed optimisation of the event selection for the off-shell region is beyond the scope of this work. Table 3 : Regions and corresponding detection efficiencies used in the displaced analysis. R xy is the distance between the z axis and the decay vertex in the plane perpendicular to the z axis. 
Triggers
So far we have assumed that all interesting events will be recorded by Belle II and can be used for further analysis. The displaced signature is however difficult to trigger, since it produces only a small number of final state particles. We investigate three different triggers that are currently available at Belle II and we study an additional displaced vertex trigger that is not available yet.
2 GeV energy A calorimeter-only based trigger which requires at least one calorimeter cluster of E CMS (γ) > 2 GeV and 20 • < θ lab < 139 • will be efficient for low mass dark photons A for any mass splitting. This trigger would also work for electrons of sufficiently high energy, but even for heavy dark photons and large mass splittings, the electrons rarely exceed E CMS > 2 GeV and will not pass this trigger.
Three isolated clusters A calorimeter-only based trigger which requires at least three isolated calorimeter clusters will be efficient if both the photon and the two charged particles deposit enough energy in the calorimeter. The trigger requires at least one cluster with E > 0.3 GeV, two other clusters with E > 0.18 GeV, and 20 • < θ lab < 139 • , isolated by at least 30 cm. We assume that this trigger is available for low luminosity running of Belle II only and that it will be prescaled by a factor 10 for the full dataset.
Two track triggers For events in signal regions 1), 2), or 3) the nominal two track trigger will be efficient if the transverse momentum p T > 500 MeV for both tracks and if the azimuthal opening angle in the lab system is larger than ∆φ > 90 • . We assume that the two track trigger is not efficient in region 4).
Displaced vertex A trigger that is sensitive for displaced vertices will give the best sensitivity up to highest possible masses of m χ 1 . We assume that similar sensitivities as for the offline vertex reconstruction can be achieved in regions 3) and 4), that such a trigger would not require the additional presence of calorimeter activity, and that the displaced vertex trigger is not efficient in regions 1) and 2).
Expected sensitivity
Our main results are summarized in Figs. 5 and 6, which compare the sensitivity of our proposed search for displaced decays of inelastic DM with existing constraints as well as with the sensitivity of the mono-photon search. In both figures we vary the DM mass m χ 1 and the kinetic mixing parameter explicitly, while fixing the ratio of the dark photon mass and DM mass to m A = 3 m χ 1 and m A = 2.5 m χ 1 , respectively. The different panels in each figure correspond to different values of ∆. We furthermore indicate the thermal target (black dashed) and examples of parameter combinations corresponding to fixed proper decay length of χ 2 . We show 90 % C.L. contours which correspond to an upper limit of 2.3 events in the case of no background. Our chosen confidence level allows us to readily compare the sensitivity of our displaced search to the mono-photon limit from BaBar and the mono-photon sensitivity for Belle II. Note that LSND/E137/MiniBooNE limits are available only for m A = 3 m χ 1 . We make the following observations: For small mass splitting ∆, corresponding to large decay length of χ 2 the bound from BaBar and the projected sensitivity of the mono-photon search at Belle II are very similar to the ones obtained for invisibly decaying dark photons, because the χ 2 simply escapes from the detector before decaying. As soon as the decay length of the χ 2 becomes comparable to the size of the detector, the sensitivity of these searches is significantly suppressed. Note that he bound does however not disappear entirely even for very short-lived χ 2 . The reason is that there always is a non-zero probability that the particles produced in the χ 2 decay have very little transverse momentum (i.e. they travel in the direction of the beam pipe) and will not be reconstructed, so that the event resembles a single-photon event.
As expected, the search for displaced decays performs best precisely in the region of parameter space where the mono-photon signal is suppressed and promises substantial improvements in particular for large mass splitting ∆. But even for small mass splitting there is substantial room for improvement at large DM masses, corresponding to photon energies that would be too small to be observed in the absence of an additional lepton pair. Indeed, the sensitivity of the search for displaced decays extends even into the offshell region, where m A > √ s. In this region the energy of the visible photon is no longer mono-energetic and peaks at E(γ) → 0, making the conventional strategy to perform a bump hunt to search for dark photons impossible. In this region the presence of a displaced lepton pair is therefore essential. Figure 7 shows the expected sensitivity for the 2 GeV cluster trigger, the three isolated clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of 20 fb −1 . For the smallest values of ∆ the three isolated clusters trigger is inefficient, but it extends the sensitivity significantly towards higher masses for larger ∆. The displaced vertex trigger has the best sensitivity for large values of m χ 1 and small , whereas the three isolated clusters trigger adds additional sensitivity for large . We note that the rather high p T and large opening angle requirement make the two-track trigger inefficient. Since the trigger rates of the three isolated clusters trigger are expected to be too high to sustain this trigger at the ultimate luminosities, we investigate the effects of a factor 10 prescale, i.e. randomly dropping nine out of ten events kept by this trigger. Figure 8 shows the expected sensitivity for the different triggers for an integrated luminosity of 50 ab −1 . The sensitivity loss due to this prescale at large values of is negligible.
Finally, we present our results in a different form in figure 9 . Here the mass splitting ∆ is varied explicitly, while the value of m χ 1 is fixed to a different value in each panel. As in figure 6 the mass ratio is set to m A = 2.5 m χ 1 . Again, we observe a strong complementarity between the two different searches. The sensitivity of the mono-photon search decreases with increasing mass splitting, while the sensitivity of the displaced decay search improves. Intriguingly, the combination of the two searches will allow to probe the thermal target for a wide range of DM masses and mass splittings. We note, however, that this conclusion is specific to the assumed ratio of m χ 1 and m A . For m A = 3 m χ 1 , for example, the thermal target is already partially excluded by the constraint from BaBar (see figure 5 ). 
Summary and discussion
The focus of the present work has been on the phenomenology of dark sectors that contain unstable but long-lived particles. An appealing example for such a dark sector are models of inelastic DM, in which a mass splitting ∆ between two dark sector states χ 1 and χ 2 ensures that constraints from the CMB and direct detection experiments are evaded. The heavier state χ 2 can have a decay length comparable to the typical size of particle physics experiments, making this model an interesting benchmark for searches for displaced vertices.
We have investigated the sensitivity of Belle II for the key signature of this model: a lepton pair originating from a displaced vertex in association with a single photon. We have identified the most sensitive detector regions and determined selection cuts that suppress the relevant backgrounds to a negligible level. We have furthermore calculated the sensitivity of mono-photon searches at Belle II and BaBar by determining the probability that χ 2 escapes from the detector before decaying or that the decay products are too soft to be observed.
Of course, Belle II is not the only experiment promising to probe deeper into the parameter space of inelastic DM. In figure 10 we show a comparison of the ultimate reach of Belle II (assuming an integrated luminosity of 50 ab −1 ) with the projected sensitivities of various proposed experiments to search for long-lived particles. Note that most of the projections shown in figure 10 stem from experiments that are still in early stages of their development. Belle II in contrast is already taking data and should be able to provide first results within the next few years.
We emphasize that we assume ∆ = 0.1 m χ 1 in figure 10 simply because this choice is commonly used in the literature for sensitivity estimates. The sensitivity of Belle II for different values of ∆/m χ 1 are provided in figure 5 for an integrated luminosity of 20 fb −1 . For larger ratios ∆/m χ 1 , additional decay modes like χ 2 → χ 1 +hadrons become important and the decay length of χ 2 decreases rapidly. In this case the sensitivity of experiments like FASER (which requires a decay length of about 500 m in the laboratory frame) are strongly suppressed, while the displaced decay search at Belle II remains sensitive even for decay lengths below 1 cm. Moreover, the two different signatures discussed in the present work are highly complementary in the sense that the mono-photon search is most sensitive for small ∆, while the displaced vertex search performs best for large ∆ (see figure 9 ).
As part of this work we have also provided an improved calculation of the thermal target for inelastic DM, which is indicated by the black dashed line in figure 10 . For the specific parameter combination chosen in this figure, large parts of the thermal target are already excluded by the mono-photon bound from BaBar. However, we have shown that this conclusion depends sensitively on the ratio of the DM mass and the dark photon mass (see figure 1 ) and that for example for m A = 2.5m χ 1 the thermal target is essentially not probed by existing constraints (see figure 6 ).
Finally, we point out that the sensitivity of the displaced vertex search at Belle II relies crucially on the implementation of suitable triggers. We have identified a number of existing triggers that can in principle be used to search for displaced lepton pairs, but the trigger rate may be too high to make use of the full data set. There is hence clear need for the development of a dedicated displaced vertex trigger. By fully exploiting the potential of such a trigger, Belle II may soon join the growing number of experiments searching for hidden sectors with long-lived particles. The specific combination of centre-of-mass energy 10 −1 The Belle II results are given for L = 50 ab −1 : for the displaced search, the number of events is calculated with L = 50 ab −1 , i.e., assuming that this search is still background-free. For the mono-photon search, we rescale the previously found sensitivity with the 4 √ L.
and detector geometry makes Belle II complementary to other proposals and offers a unique opportunity to explore uncharted territory.
